Abstract. Thin film solar cells based on monocrystalline Si films are transferred to a glass superstrate. Chemical vapor deposition serves to epitaxially deposit Si on quasi-monocrystalline Si films obtained from thermal crystallization of a double layer porous Si film on a Si wafer. A separation layer that forms during this crystallization process allows one to separate the epitaxial layer on top of the quasi-monocrystalline film from the starting Si wafer. We presently achieve an independently confirmed solar cell conversion efficiency of 9.26%. Ray tracing studies in combination with electrical device simulation indicate an efficiency potential of around 17% using simple device processing and moderate assumptions on minority carrier lifetime and surface recombination.
INTRODUCTION
Solar cells fabricated from monocrystalline Si wafers have achieved a conversion efficiency of 24.4% [1] . Wafer thinning to a thickness of around 50 µm still allows one to realize a cell efficiency of 21.5% [2] . However, cost issues have up to now, in contrast to applications in the area of microelectronics [3] , inhibited the use of thin monocrystalline Si films in photovoltaics. Therefore, since a few years, a number of processes are in the stage of development, that employ the transfer of monocrystalline Si films onto a foreign substrate [4] . The most prominent approaches currently are (i) the formation of a net-like monocrystalline Si structure by the so called Epi-lift -technique [5] ,
(ii) the formation of thin, monocrystalline Si-waffles using the so-called Ψ -process [6] , (iii) epitaxial growth of monocrystalline Si films on crystallized porous Si introduced by Sony Corp. [7] , and (iv) the formation of so-called quasi-monocrystalline Si (QMS) films with internal light trapping introduced at our institute [8, 9] . Apart from the approach of Sony Corp., no solar cell results have been reported so far.
In this paper, we describe a solar cell technology based on the transfer of monocrystalline Si films onto a glass superstrate. Independent from the work of Sony Corp., we developed a process that realizes the formation of monocrystalline Si films by thermal annealing of porous Si. The crystallization of a several µm thick film of low porosity on a thin film with higher porosity, forms a quasi-monocrystalline Si (QMS) film on a separation layer, that enables the transfer of the QMS Si film from a reusable Si substrate to glass. In contrast to poly-and microcrystalline Si based thin film solar cells, this approach makes full benefit of the efficiency potential of monocrystalline Si using comparatively simple device manufacturing technology. † ralf.bergmann@ipe.uni-stuttgart.de
RESULTS AND DISCUSSION
The first part of the paper describes the formation of the quasi-monocrystalline Si film, the second part gives details on the solar cell device process, while the third part outlines results of device simulations using a combination of ray tracing and one dimensional electrical device simulation.
Formation of quasi-monocrystalline Si films.
Device fabrication is based on the formation of a doublelayer porous Si film that is crystallized at elevated temperatures [8] . Figure 1a shows a cross section of a crystallized Si film and a separation layer between the QMS film and the Si wafer. The morphology of the Si film strongly depends on film thickness. Films with a thickness exceeding one µm contain a high density of voids, as is clearly visible in the cross section shown in Figure 1b. Due to the presence of voids, films are termed quasi-monocrystalline. As schematically shown in Figure 1c , these voids lead to diffuse light scattering and, depending on film thickness, to light trapping within the crystalline film. Up to 30 porous Si films have been produced from one Si wafer up to now, demonstrating the reusability of the Si starting wafer. For further details of the film formation process see [10] . from SiHCl 3 at a temperature of 1100 • C forms an epitaxial layer with a thickness between 12 and 50 µm on top of the QMS film, see Figure 2b . In the present device configuration, we first deposit a Si film with a thickness of a few µm and a doping concentration of 3 × 10 19 cm −3 that acts as a back surface field followed by an absorber film with a doping concentration of 3 × 10 17 cm −3 . The QMS film does therefore not contribute to photovoltaic current generation.
Formation of an emitter is accomplished by phosphorus diffusion at 830 • C for 40 min to obtain an emitter with a sheet resistance of 40Ω/ after the final preparation of a 30 nm thick oxide via thermal oxidation at 1000 • C for 12 min. Photolithography serves to form a front contact grid that consists of Ti/Pd/Ag. A 30 nm thick SiN x film deposited at room temperature by reactive rf-magnetron sputtering functions as an antireflection coating between the Si solar cell and the glass superstrate. These non-stochiometric sputtered films have a small Si surplus that results in a refractive index of 2.0 to 2.1 at 633 nm. The semi-finished device is attached to glass by use of an organic resin. The action of mechanical force allows one to separate the film from the starting wafer. An evaporated Pd/Al-contact finalizes the device structure that is schematically depicted in Figure 2c . Figure 3 depicts a photograph of a 12 µm thick epitaxial Si film deposited on a 2 µm thick QMS film that is detached from the starting 4 -sized Si wafer and attached to a 3 -sized glass substrate. Figure 4 shows the illuminated current-voltage characteristics of a thin film solar cell on glass measured at the calibration laboratory of the Fraunhofer Institute for Solar Energy Systems in Freiburg, Germany. We presently achieve a confirmed cell efficiency of 9.26% under AM 1.5 G illumination for a solar cell with an area of 1.001 cm 2 . The thickness of the epitaxial Si film is 49 µm including a 3 µm thick back surface field deposited onto the 2 µm thick QMS film. Internal quantum efficiency measurements reveal an effective diffusion length of 14.4 µm. Presently, a high dislocation and stacking fault density of several 10 5 cm −2 limits the diffusion length in the epitaxial film. Reduction of defect density and thus a boost of the minority carrier diffusion length is expected to result in a significant increase in cell efficiency. 
Optical and electrical modeling of thin film solar cells.
In order to determine the optical absorption and thus the maximum current density j sc max achievable using a thin monocrystalline Si film on a glass superstrate, we simulate a device structure schematically depicted in Figure 5a . The front surface is coated with a 70 nm thick Si 3 N 4 film, the rear surface consists of an Al-contact and the Si absorber film thickness is in the range of 5 to 50 µm. Optical device simulation uses the Monte-Carlo ray tracing program SUNRAYS [11] . Three basic cases are distinguished in this simulation: The simulation does not make any assumptions on the specific realization of the surface roughness. Figure 5b shows the increase of j sc max with Si film thickness in the range of 5 to 50 µm. A substantial increase in j sc max is already gained from the presence of one optically rough surface, while the presence of a second optically rough surface is only of minor importance.
As indicated in Figure 1c , a QMS film may serve as a source of diffuse reflection of light. We therefore expect the current density j sc max generated in an epitaxial Si film on a QMS film to be between the current densities given for two flat surfaces and a flat front surface in combination with a rough rear surface. Such current densities can, of course, only be extracted from an idealized solar cell with a quantum efficiency being unity. We therefore use an electrical device simulator to model the influence of recombination parameters in the solar cell.
Modeling of electrical solar cell performance requires realistic assumptions on the cell structure and on the recombination parameters. As we aim at a simple and easily manufacturable device structure, the following assumptions are made with respect to recombination parameters: front surface recombination velocity is set to S f = 1000 cm/s and back surface recombination velocity to S b = 10 4 cm/s. Doping of the Si film is p-type with a concentration of 3 × 10 17 cm −3 . We assume the quasi-monocrystalline Si film to act as a back surface field (BSF) with a uniform doping of 10 19 cm −3 and a thickness of 1 µm. Optical generation profiles calculated by SUNRAYS are used for the device simulator PC-1D [12] . Both Si film thickness d and minority carrier diffusion length L are varied in the range of 5 to 50 µm. Figure 6 a schematically shows the device structure described above, while Figure 6b summarizes the results of the electrical device simulation. The conversion efficiency η depends both on diffusion length L and on device thickness d, all other parameters are kept constant. The plots in Figure 6b show the maximum conversion efficiency η max as a function of the minority carrier diffusion length L for an optimum film thickness d at each diffusion length. According to our modeling, a conversion efficiency of η = 17% requires a diffusion length of L ≈ 40 µm and a film thickness d ≈ 25 µm assuming an optically rough rear Si interface.
CONCLUSIONS
The transfer of monocrystalline Si films to a glass superstrate presents an innovative approach to realize efficient thin film solar cells. While first cell results demonstrate a cell efficiency of 9.26%, further optimization of material quality and cell processing are expected to result in cell efficiencies comparable to conventional wafer based Si solar cells. Optical and electrical device modeling indicates, that a conversion efficiency in the range of 17% appears attainable with this process. 
